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Ultrasonic  wave  velocities  wore  xeooured  in  tn  ‘he  region 
of  the  ontlf-rromagnetlc  tronaltlon.  Beth  lonfltudioal  ind  ehear 
«r.  propagated  i„  the  £lctf:  direction  .1  ie„  LJ  tc  M  n(ii 

Th”  w*v'»  "ho'-od  on  alien.' lion  p  «k  at  the  Ifr'jl  ter-perc- 

tar.  which  incrcaeed  with  f.-.c-ency.  A  Baltic  1,1c  of  ;.6  nilognuoe 
narrowed  the  attenuation  p-ok  ellght.lv,  bvt  hid  ro  affect  on  th- 
aaount  of  attenuation,  the  location  of  the  n-ak,  nor  o:  the  velocity. 
Shear  waree  exhibited  a  graaual  lncreaat  In  atunuatlci  with  decreaa- 
ln4  temperature,  but  had  no  atte.-ua'  ion  peaa,  *  magnetic  fielu  cf 
5.5  kilogauee  lncreared  the  attenuation  of  the  .hear  w,v.e  „ry  eUahtly. 
Although  It  wot  not  po-oible  tc  determine  a  conplet.  oet  of  moduli,  the 
T.1U.,  at  70®  I.  appropriate  t.  the  wave,.  mea.ur-d  are^ir.  unite  oi 
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The  concept  of  antiferrcwagnetiim  was  Xirjt  advanced  by  K^ol  i:i 
^  1932  in  connection  with  his  studies  of  the  •susceptibility  of  transit  ion 

.  metals  ond  alloys.  Ho  noticed  that  Pt,  Pd  >In  tr,  and  man;  of  their 

alloys  show  an  anomalously  large  temperaturo  independent  paramagnetic 
susceptibility.  Neel  aeeu-cd  *hat  tne  arrar.  sraer .  of  atomic  momenta 
in  a  crystal  lattice  io  such  that  tho.v  '.re  inttparaulei  at  a  suffix 
oiently  low  temporaturo.  Using  this  rao;’ ;  1  he  showed  that  an  anti- 
ferroaagnet  obsye  the  Curie-Welte  law  at  high  temporatureo,  and  was 
able  to  obtain  formulae  for  th*>  anti  ferromagnetic  Curie  or  Keel  point. 

Since  these  errly  investigations  many  eujotancee  other  than  the 
transition  motalo  have  been  inveetigAtod.  Haiganese  'luoride  la  one 
of  these.  At  ite  Noel  temperature  (a/67°  K.)  ancmaliec  appear  in  the 
magnetic  euoceptibility,  th-  specific  heat,  the  thermal  expansion, 
noutron  ecattering  and  nucloar  magnetic  reoonants  frequency.  Tfc 
mechanical  prop;rtiec  near  the  Nool  temperature  had  not  been  deter¬ 
mined,  and  thus  the  present  wor1*  wto  undertaken. 
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EXPEhlKOTAL  PKOrEDU^ 

A  large  randomly  oriented  jingle  cr/ital  of  HnP2  wa6  pur¬ 
chased  from  the  OptoVac  Corp  ration  One  of  the  face#  of  the 
unoriented  rough  sample  was  amoothod  bj  uao  of  3/0  carry  finishing 
paper  on  a  smooth  planar  glass  surface.  A  back  reflection  Laue 
pattern  of  this  face  showod  it  to  bo  perpendicular  to  the  [110) 
direction  of  the  ;rystal.  To  obtain  another  flat  fa-'.o  parallel 
to  the  first,  the  sample  was  placed  in  a  sample  preparation  holder 
as  shown  in  Fig.  1.  T..e  smoothed  face  was  placed  face  down  inside 
c f  the  annular  rogion  of  the  holder  which  was  rooting  on  a  smooth 
planar  glass  surface.  This  propr ration  holder  was  constructed  of 
machined  eluninum  with  the  upper  and  lower  faces  parallel  to 
within  0.CD1  inches.  With  tho  sample  in  position  in  ths  annular 
region  of  t^  holder,  molten  sea  .ing  wax  w^s  poured  into  tho  empty 
regions,  forming  a  rigid  bond  between  the  sample  and  the  holder. 
When  tho  wax  had  ooliuified  tho  glass  surface  was  removed,  leaving 
the  bottom  face  of  the  sample  cc -planar  with  the  holder.  The 
upper  face  was  then  finished  with  3/0  emery  finishing  pcoer, 
taking  care  not  to  disturb  the  co-planor  aluminum  holder  eurfacs. 
When  the  upper  sample  face  was  cc-planar  with  ths  holder  it  was 
considered  to  be  co-planar  with  the  lower  face.  The  sample  was 
then  removed  by  hosting  the  sealing  wax. 

The  upper  face;  lower  face  and  two  of  ths  rough  side  faces 
of  the  sample  were  then  coated  -f’th  Dew  Corning  Silicone  Fluid 
No.  710.  These  four  faces  of  A-he  sample  then  were  wrapped  with  a 
single  thlcknesc  of  U.0G‘.  cm  aluminum  coated  nylar  film  which 
served  es  a  radio  frequency  ground  for  the  transducer.  The  silicone 
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fluid  waa  thon  applied  to  the  aupper  surface  of  the  mylar,  and  a 
quartz  transducer  waa  placed  on  this  fluid.  Bonding  with  aubotancoa 
other  than  Duw  Cor  ting  710  waa  att-apted ,  but  the  bonde  wore  either 
too  fragile,  or  the  bonding  material  cauacd  too  great  of  an  inherent 
bonding  attenuation-  The  sample  w&e  then  mounted  in  the  cample 
holder. 

F?  g.  2  ohowe  the  sample  holder.  Plates  A  and  D  of  the  eampie 
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holder  are  fixed  in  position  and  made  rigid  by  throe  brass  machine 
screws  (not  shown  in  Fig.  2).  Plate  B  io  ernstructod  of  fiber- 
board.  and  la  used  to  guide  the  various  wires  used  in  the  holder. 
Plate  C  is  a  brass  ;  late  that  uiides  vertically  or.  the  three  brass 
machine  screws,  and  is  fixed  in  position  by  positioning  nuts  on  the 
three  screws  on  both  sides  of  t^.s  plate.  Mounted  in  the  center  of 
plate  C  is  a  dielectric  centerpie.e  with  tho  center  lead  of  the 
coaxial  cable  mounted  r..i  a  brass  rod  that  slides  through  the  di¬ 
electric.  The  end  or  -his  rod  is  then  mounted  to  a  circular  copper 
piece  that  is  held  in  position  against  the  quartz  transducer  by  a 
coil  epring  botweon  it  and  the  dielectric.  Tho  sample  is  placed 
between  plat  es  C  and  3,  and  plate  C  is  then  lowered  and  eecurod 
in  a  position  such  that  the  copper  r-f  p? eci  is  firmly  againot  the 
quartz  transducer.  The  mylar  film  touches  plate  D,  forming  the 
electrical  contact  for  the  r-f  ground  return,  the  holder  iloelf 
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being  electrically  grounded. 

1  After  placing  tho  sample  in  the  eamplo  holder,  the  entire 

holder  head  assembly  ir  pr-^-ccoled  and  thon  immereed  in  tho  cryo- 

4  genic  fluid.  Th’.  Dow  Corning  710  providos  a  stable,  secure  bond  of 

the  transducer  to  tho  mylar,  and  of  the  mvlar  to  tho  sample.  The 
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opring  pressure  against  the  copper  r-f  piece  lru-ires  contact  between 
the  copper  and  tho  quart!  transducer. 

The  initial  radio  frequency  wave  la  gencatud  by  an  Aronborg 
Puloed  Oscillator  using  various  fro<j.'»ncicr  from  5  to  70  me,  and  a 
puloo  length  of  approximately  two  microseconds.  The  wove  ie  fed 
simultaneously  to  the  oample  holder,  and,  through  the  amplification 
otagoo,  to  a  Tektronix  RH  A5A  Oecilloecope.  Radio  f-equency  wavoo 
excito  oound  waves  in  the  pieiooloctric  quart*  transducer,  and 
these  wavee  are  transmitted  through  the  sample.  Echoes  return  to 
tho  quart*  transducer  where  they  excite  radio  frequencies  in  the 
quart*,  which  are  then  amplified  and  displayed  on  the  oscilloscope 
in  the  proper  time  relation  to  tho  original  puloo.  The  ouciilator 
is  externally  triggered  to  pulse  at  1000  pulses  per  second,  allowing 
ample  ties'  for  the  measurement  of  the  returning  ochooo. 

A  schematic  diagram  of  the  electronic  apparatus  used  in  this 
experiment  is  shown  in  Fig.  3.  The  pulsed  oscillator  is  triggered 
by  a  time  nark  generator  which  also  generates  accurate  timing 
marks  for  display  on  the  oscilloscope,  The  time-mark  trigger  also 
synchronises  the  oscllloecopo  te  make  both  trauea  begin  at  the  eaae 
time  the  pulaed  oscillator  la  triggered.  The  pulsed  oscillator 
has  a  built-in  trigger  delay  to  ellow  accurate  reading  of  the 
initial  pulse.  Tho  exponential  wavs  generator  lo  triggered  with  ttw 
os me  delayed  trigger  to  lnouro  the  exponential  wave  ota-to  tho  oaae 
uimo  the  sample  is  pulsed.  The  puloo  is  fed  to  tho  sample  and 
ttrouGh  the  amplifier  oimuitanoouoly,  and  diaplayed  on  trace  B  of 
the  oacilloscope.  Returning  ochooo  appear  in  tlmo  phaao  after 
emplification  on  traee  B.  In  veloci  ty  meaouremente,  tine  marks  are 
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placed  on  trace  A  which  allows  an  accurate  method  Tor  the  deter¬ 
mination  of  the  time  between  puloeo.  When  attenuation  ie  measured 
the  generated  exponential  wave  ie  displayed  on  trace  A,  and  fitted 
to  the  mvclope  of  the  echo  ps'&ein  fcy  auperimpoeing  trace  A  on  trace 
B. 

Velocity  of  the  wave  ie  determined  by  measuring  the  time 
required  for  the  pulse  to  tranoit  the  oample,  refloct  from  the 
opposing  face,  and  re-tranait  the  eample,  and  by  measuring  the 
distance  traveled  (corrected  for  thermal  expansion  of  tho  sample). 


relative  change  in  Telocity  through  tho  No'.l  tenporatur.  war. 
accurate  to  0.0l£. 

Attenuation  wa.  «.a»ur.d  originally  by  neaauring  tha  eopUtuda 
of  .UCC...1T.  pule...  and  plotting  tho  reault.  again, t  echo  nunber 
on  eeni-logarithm  papor.  Tho  faulting  plot  waa  a  atraight  lino 
Whoa,  dope  wae  a  neaaur.  of  attenuation  per  unit  time.  Thee, 
meaoureaente  were  converted  into  db  ctf*  through  the  velocity. 

In  later  oap.rimontj  an  exponential  wave  wae  generated  and 
calibrated  by  ue.  of  rooiotanco-capacitanco  circuit.,  and  ueed  for 


Transit  time  is  the  time  required  for  the  pulse  to  make  this 
round  trip.  The  transit  timo  is  measured  by  determining  the  time 
from  a  given  pulse  to  a  series  of  following  pulses,  with  the  aid 
of  a  time-mark  generator.  The  timo  is  then  plotted  ao  a  function 
jf  echo  number,  and  cn  average  irantit  timo  for  a  given  ♦.■•aperature 
*c  ’ved  from  th-  * 

The  room  temperature  sample  length  was  determined  by  »  series 
of  micrometer  measurements  to  be  1,386  i  0.001  cm.  The  thermal 
expansion  coefficients  for  H11F2  were  examined^,  and  found  to  have 
negligible  affect  on  ‘he  measured  length  to  within  the  accuracy  of 
the  transit  time  measurements  in  the  temperature  region  being  inves¬ 
tigated,  Accordingly  expansion  of  tho  sample  was  ignored,  and  the 
velocity  of  propagation  was  obtainod  by  dividing  tho  moan  path  length 
by  tho  overage  transit  time.  Time  was  determined  to  within  0.01  micro- 
sec,  for  tranoit  times  of  over  four  microsoc.  The  absolute  accuracy 
of  the  velocity  was  detorainod  to  0.2%,  although  measurement  a  of  the 

XD,  P.  Qibbons,  Phya  Rev  1194  (1959) 
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echoea  typical  of  the  .hoar  wav...  Tho  tine  acalo  i,  10  nlccc. 
P.r  a.  Exaoiniog  tho  envelop.  of  the  echoes  evidence  the  expon.n- 
tlal  decay.  Fig.  4(b)  ahowa  tho  exponential  wave  generated  by  the 
exponential  wave  generator  a.  i.  diopiayed  on  trace  •  c*  *he  o.cillo 
°CC  ’r  '  Fie-  i(c>  ”h0“"  trace,  eupe-<  {^._r 

wave  fitted  to  the  .cho  pattern  envelop..  The  two  pattern,  w.r 
matched  by  varying  the  gain.  of  the  enplifi.r,  oecillo.cope,  and  tho 
wponential  wave  generator,  and  by  varying  the  tine  conatent  of  the 
«ponential  wav.  generator  by  noane  of  a  graduated  variable  re.i.tor, 
The  exponential  wave  generator  wae  calibrated  by  placing  a 
opeeified  eetting  on  tho  variable  re.i.tor  of  the  generator,  and 
recording  ten  amplitude.  «t  equal  tin,  intervale.  Thie  data  wa. 
Plotfd  a.  a  function  of  th.  ..ttlng  of  th.  variable  r.ai.tanc.  cn 
th.  exponential  wav.  generator.  Thia  calibrated  th.  gon.rator  .0 
that  in  eubo.qu.nt  cxp.rln.ntal  rune  it  wa.  nec.cary  to  road  only 
th.  Betting  of  th.  re.istanc.  dial,  to  d.t.rnine  the  attenuation  a.  ' 
a  function  of  tine.  Thia  attenuation  1,  directly  conv.rtibl.  to 
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significant  figures,  which  glvos  an  accuracy  of  t  0.001  db  cm*1  in 
attenuation  below  1.5  db  caf1,  and  an  accuracy  of  ±  0.002  db  cm’1 
in  the  region  from  1.5  to  2.4  db  cm*1.  Above  2.4  db  ccT1  the 
accuracy  in  attenuation  measurements  decroaeee  rapidly  duo  to  limita- 
tione  in  determination  of  the  elope  of  the  exponential  wave  generated 
by  the  exponential  wevo  generator.  Tne  maximum  attenuation  point  wan 
readily  diecernable,  but  the  .dual  attenuation  may  be  an  ouch  as  on. 
db  co  1  more  then  that  indicated  by  moaourement.  This  posolblo  in¬ 
accuracy  affects  the  maximum  attenuation  measurement  of  only  the 
65.5  me  frequency.  Removal  of  the  trace  of  the  exponential  wave,  and 
then  replacing  and  refitting  it  to  the  mvelope,  was  within  five 
digits  in  the  fourth  significant  figure.  If  the  exponential  wave 
trace  were  fitted  continuously  to  the  echo  pattern  reproducibility 
wao  to  Within  one  digit  In  four  significant  figures. 

Initial  temperature  measurements  were  made  with  a  copper 
reeistonce  thermometer  placed  in  a  position  as  indicated  in  Fig.  2. 
Experiments  were  performed  using  liquid  oxygen  a.  a  erogenic,  and 
calibrating  the  resistance  thermometer  against  equilibrium  vapor 
pressure  readings2.  Comparison,  indicated  a  requirement  for  .  more 
accurate  and  reproducible  electrical  measurement.  A  gold-cobalt  vs 
copper  thermocouple  was  employed  at  a  position  closer  to  the  sample, 
as  shown  in  Fig.  2,  but  Its  accuracy  was  limited  to  approximately 
‘  0.15  degree.  In  the  temperature  range  under  investigation.  Finally 
a  sample  of  very  high  purity  platinum  wire  was  purchased  from  the 

2 

H.  J.  Hogs,  Journ.  Res.  MBS  44  321  (1950) 
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Western  Cold  Corporation;  was  varnished,  wound,  and  placed  in  the 
position  ehown  in  Fig.  2  to  more  accurately  determine  the  temporature. 
Resistance  was  measured  accurately  to  within  three  milliohma  which 
gives  an  accuracy  in  temperature  of  ♦  5  millidegrees  based  upon  pub¬ 
lished  dat<?«  L'»  addition  to  more  accurate  temperature  determina¬ 
tions,  it  was  found  that  the  time  required  for  the  platinum  wire 
resietance  thermometer  to  reach  thermal  equilibrium  was  almost  exactly 
that  required  for  the  HnP2  sample  to  reach  thermal  equilibrium.  When 
ehifting  to  a  new  temperature  by  varying  tho  pressure  on  the  cryogenic 
bath  the  vapor  pressure  would  reach  a  steady  condition  initially, 
followed  in  a  few  seconds  by  the  copper  resistance  thermometer  ready¬ 
ing  steady  state,  and  this  followod  almost  immediately  by  the  gold- 
cobalt  vs  copper  thermocouple.  Finally  from  ten  to  thirty  seconds 
later,  depending  upon  the  amount  of  temperature  shift,  the  platinum 
resistance  thermometer  would  reach  equilibrium.  Measurements  made 
on  the  sample  after  the  platinum  resistance  thermometer  had  reached 
equilibrium  were  completely  re  producible,  whereas  measurements  made 
prior  to  this  equilibrium  might  indicate  an  Inaccurate  temperature, 
the  error  being  dependent  upon  the  amount  of  temperature  shift  and 
whether  the  sample  was  being  ccoled  or  warmed. 

Liquid  oxygen  was  chosen  as  the  cryogenic  fluid  because  of  its 
etability  and  temperature  rang*  under  readily  obtainable  pressures 
in  the  temperature  region  under  investigation.  It  is  noted  that  the 
liquid  oxygen  has  a  high  heat  capacity,  and  that  accurate  vapor 
pressure  measurements  may  be  obtained  only  if  the  oxygen  is  kept 
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boiling  at  a  constant  rate.  Glass  dewar  systems  were  employed  to 
insure  that  tho  boiling  was  occurring  while  the  vapor  pressure 
measurements  were  made.  Glass  beads  wore  placed  in  the  bottom  of 
tho  dewar  ;o  act  as  nuclei  for  vapor  bubbles  to  fora  at  the  bottom 
of  the  fluid  bath,  resulting  in  continuous  boiling,  thereby  con¬ 
tributing  to  a  more  uniform  temperaturo  throughout  the  cryogenic. 

In  making  measurements  with  a  magnetic  field  a  metal  dewar  with  a 
smaller  diameter  than  the  glass  dewar  was  used  in  order  to  have  the 
maximum  possible  magnetic  field  on  the  sample.  Since  the  boiling 
could  not  be  obeerved  with  a  metal  dewar,  the  prime  method  of  tempera¬ 
ture  determination  was  by  electrical  means. 


1 
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EXPliK DENTAL  RESULTS 

Velocity  and  attenuation  measurements  in  MnF^  were  made  both 
with  a  magnetic  field  and  without  a  magnetic  field  in  the  tempera¬ 
ture  range  from  56  to  80  degrees  Kelvin,  for  both  longitudinal  and 
ahear  waves,  uaing  frequencies  in  the  8.3  to  65*5  me  range. 

The  velocity  of  sound  of  the  longitudinal  wave  in  the  MnF2 
sample  was  constant  with  temperature  and  frequency  within  the  region 
measured  to  within  tho  accuracies  of  measurement.  The  velocity  of 
the  longitudinal  wave  was  determined  to  be  6.60  x  10^  cm  jcc"^#  The 
velocity  of  the  shear  wave  was  dependent  upon  the  polarization,  but 
independent  of  frequency  and  temperature  in  tho  region  considered. 

Whon  the  wave  was  excited  parallel  to  the  c  axis  the  velocity  was 
determined  to  bo  2.94  x  10^  cm  eec  Perpendicular  excitation  waves 
had  a  velocity  of  1.62  x  10^  cm  sec"*.  Theae  results  are  sunaarited 
in  Table  I  along  with  the  combination  of  elastic  constants  determined 
from  the  velocity  measurements.  The  density  used  in  computing  the 
elastic  constants  was  taken  to  be  3.891  gm  cm~3  as  listed  in  the 
ASTH  cord  fils* 

•  The  attenuation  of  longitudinal  and  shear  waves  in  HnF2  was 
dependent  on  temperature  and  frequency.  For  longitudinal  waves 

there  was  a  large  increase  in  attenuation  in  the  vicinity  of  the 

/  4 

Neel  temperature,  67.336  degrees  Kelvin  .  This  psak  lo  shown  in 

Fig.  5  where  at  ;enuatlon  is  plotted  as  a  function  of  teaperature 

for  several  different  sound  frequencies.  The  peak  attenuation  was 

L 
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TABUS  I 

Measured  velocities  and  correeponding  moduli  for  propagation  of 
e lactic  wave.  In  the  [11(0  direction  In  KnP.,  near  the  Ne'.l 
temperature. 


i°ll*  Cfc6  -  16.92  x  10U 

CU  •  3.57  x  10u 

i(Cll  ‘  C12>  ‘  1-19  x  1011 
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figure  5 

Attenuation  »a  temperature  for  longitudinal  wavee  In  Knfj. 
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centored  at  the  Noel  temporature,  which,  by  this  present  experiment 
was  determined  to  be  67.35  i  .02  degrees  Kelvin.  The  peak  increased 
in  magnitude  and  becamo  relatively  sharper  with  increasing  sound 
frequency.  Except  for  the  lowest  frequency  (8.3  me)  the  attenuation 
increased  with  decreasing  temperature,  rising  significantly  several 
degrees  in  anticipation  of  the  Neel  temperature.  Within  tho  limits 
of  accuracy  of  temperature  measurements  tho  peak  attenuation  did 
not  shift  position  with  increasing  frequency.  The  results  of  tho 
chango  in  attenuation  for  various  frequencies  ie  summarised  in 
Tablo  II. 

The  effect  of  an  applied  magnetic  field  on  the  attenuation  of 
longitudinal  waves  near  the  Neel  temperature  is  shown  in  Fig.  6. 

This  figure  shows  attenuation  for  25  me  longitudinal  waves  plotted 
in  an  expanded  temperature  scale.  The  filled  circles  ohow  the 
attenuation  for  tero  applied  field  and  are  in  agreement  with  Fig. 

5.  The  open  circle  points  show  the  attenuation  for  a  3.6  kllogauss 
magnetic  fiold  oriented  parallel  to  fllOj  and  the  crosses  show 
attenuation  for  the  ssmo  field  oriented  parallel  to  (OOl]  •  It  is 
apparent  that  tho  magnetic  field  did  not  affect  the  magnitude  or 
the  position  of  the  attenuation  peak.  However,  the  amount  of 
attenuation  immediately  adjacent  to  tho  Neel  temperature  was 
decreased  slightly  with  an  applied  magnetic  field,  causing  an 
apparent  narrowing  of  the  attenuation  peak. 

Attenuation  of  shear  waves  in  Hn?2  was  measured  at  three  fre¬ 
quencies,  10,  15  and  30  me,  for  oscillations  parallel  to  the  c  axis, 
and  at  one  froquency,  15  me,  for  oscillations  perpend icilar  to  ths 
c  axis*  Fig.  7  shows  that,  for  sero  magnetic  field,  attenuation  vao 


TABLE  II 


Relative  changes  in  attenuation  of  longitudinal  waves  propagating 

in  ths  fllOj  direction  in  HnF2 

st  the  Neel  temperature. 

Frequency 

Attenuation  1 

(megacycles  aoc’M 

(db  cm-1) 

6.3 

0.1 

16.0 

0.6 

32.0 

0.8 

43.0 

1.6 

65.5 

l.i. 
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found  to  bo  dependent  on  frequency  and  polarization  of  the  oscilla¬ 
tions  with  only  slight  dependence  on  temperature.  For  the  15  me  waves 
the  attenuation  waa  approximately  tripled  for  a  change  in  polarita- 
tion  oscillation  from  parallel  to  the  c  axis  to  perpendicular  to  tho  j 

c  axis,  although  part  of  this  effect  may  have  been  due  to  differences 
in  bonding.  With  the  polarization  parallel  to  the  c  axis,  the  actual 
attenuation  varied  aa  a  function  of  frequency,  but  the  change  in  the 
attenuation  was  approximately  constant,  and  not  a  function  of  fre¬ 
quency.  It  was  noted  that,  for  15  me  shear  waves  there  was  a  slight 
decrease  in  attenuation  near  the  Neel  temperature  for  both  polariza¬ 
tions.  This  decrease  did  not  appear  with  either  the  10  me  or  30  me 
wavee  that  were  measured. 

Attenuation  of  shear  wavee  with  polarisation  parallel  to  the 
c  axis  was  measured  at  10  me  for  a  magnetic  field  of  $.5  kllogause 
oriented  both  parallel  and  perpendicular  to  the  c  axle  as  shown  in 
Fig.  6.  The  attenuation  was  found  to  be  slightly  dependent  upon  the 
orientation  of  tho  magnetic  field,  with  tho  higher  attenuation 
occurring  with  tho  field  perpendicular  to  the  c  axle.  The  tempera¬ 
ture  dependence  of  the  attenuation  of  the  shear  wavee  in  the  magnetic 
field  was  email,  and  was  of  the  ease  characteristic  as  the  attenuation 
without  a  magnetic  field. 


Figure  7 


Attenuation  ve  temperature  for  shear  waves  in  MnF2. 
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DISCUSSION  OF  RESULTS 
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Changes  in  many  physical  properties  Including  internal  friction  i 
And  Young's  modulus  huve  been  measured  near  the  Neel  temperature  for> 
other  antiferromagnetic  materials.  The  mechanical  properties  of  the 
metal  chromium  have  been  extensively  investigated j^"*0  and  show  ' 
anomalies  at  temperatures  of  120°  K.  and  310°  K.  Recent  low  frequent 
measurements  at  1  cycle  and  at  35  kc7  show  that  the  changes  in  mechorj 
cal  properties  are  characterized  by  a  dip  in  young's  modulus  and  a  rioj 
in  internal  friction  at  the  Neel  temperature  (310°  K.).  Both  effects 
persist  down  to  the  spin  flip  temperature  (~120°  K.)  so  that  the 

resultant  curves  for  well  annealed  samples  as  functions  of  terapuraturtf] 

l 

show  a  "channeled"  lowering  of  modulus  and  an  enhancement  of  attenuate 
between  the  two  temperatures.  The  maximum  value  of  attenuation  appear \ 
near  the  "spin  flip"  temperature.  These  results  are  in  agreement  with 
Overhauscr's  treatment*0  of  the  antiferromagnetlera  of  chromium  as  spin 

density  waves  rather  than  localized  moments.  The  relatively  small 

6  , 

heat  capacity  anamoly  of  chromium  near  the  Neel  temperature  is  also 
explainable  in  those  terms. 

Other  results^  obtained  at  higher  frequency  (70  kc)  show  dips  in 
the  modulus  and  a  peak  in  the  internal  friction  centered  at  the  Neel 
temperature.  Detailed  10  me  measurements**  of  the  elastic  constants  o, 
chromium  show  that  curves  of  the  individual  constants  aa  functions  of 
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eharaetariaed  by: 


o 

temperature  resemble  the  lower  frequency  results  on  unannesled  specl- 
meno.  Dips  In  the  moduli  are  evident  at  both  the  spin  flip  and  Heel 

temperatures  but  the  internal  friction  was  not  determined. 

12  iq  13  14 

Experiments  on  oxides  of  cobalt,  *  J  nickel,  and  manganese 

show  similar  effects:  a  lowering  of  modulus  and  an  increase  in  Internal 
friction  as  the  temperature  is  lowered  pact  the  Neel  temperature.  For 
MnO  and  CoO  changes  in  modulus  and  well-developed  peaks  in  internal 
friction  are  observed  and  found  to  occur  at  temperatures  somewhat  below 
the  Neel  temperatures.  A  thermodynamic  treatment^*  predicts  that  the 
internal  friction  peak  and  the  change  in  modulus  always  occur  together 
and  that  the  maximum  in  the  internal  friction  always  occurs  at  a 
temperature  lower  than  the  Neel  temperature. 

Anomalous  behavior  of  ultrasonic  attenuation  also  has  been  ob- 
served*'*'  ^  in  the  ferrite  Fe20^  (magnetite).  In  magnetite,  the  inter¬ 
nal  friction  of  torsion  oscillations  of  a  [100]  rod  show  a  peak  some 
o 

20  K.  below  the  transition  temperature  while  the  internal  friction  of 
longitudinal  oscillations  shows  no  such  peak.  This  material  changes 
structure  upon  ordering  and  the  anomalous  attenuation  and  modulus  change 
have  been  interpreted  as  due  to  a  stress  induced  ordering.  The  change 
in  the  degree  of  order  caused  by  a  constant  applied  stress  is  a  raarlmtm 
at  the  transformation  temperature. 

The  present  results  differ  from  the  results  quoted  above  and  are 

Street,  Phys  Rev  Letters  10  210  (1963) 
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Street  and  B.  Lewis,  Nature  168  1036  (1951) 
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«.  no  ct*ng.  l„  wav.  velocity  vu  ob.erved  at  the  H?el 
temperature. 

b.  an  attenuation  peak  for  longitudinal  wavea  at  the  Heel 
temperature  which  lncreaeea  with  frequency. 

e.  no  obeenred  change  in  thia  peak  a.  .  reault  of  applied 
magnetic  Hold. 

d.  an  abaenct  of  an  attenuation  peak  at  the  Kiel  temperature 
for  ths  shear  waves. 

O.  .  .light  dependence  of  .hear  war.  attenuation  on  the 
orientation  of  applied  magnetic  field. 
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Ho  change  in  acou.tic  wave  velocity  vac  obe.rved  for  each  of  th. 
three  polaria.tion.  when  th.  .ample  temperature  wa,  lowered  through 
the  HSel  temperature.  Any  velocity  change  i.  ..tinted  to  be  1...  thln 
one  part  in  5000  and  a  change  In  modulue  iB  .pp„ont  only  through  ^ 
thermal  cxpanaion.  For  HnF^  the  change  in  length  along  th.  a  axe.  fir.t 
decraa...  and  then  incr.a...  with  d.creaelng  temperature;  being  tc.-o  at 
80  K.  Thua  th.  change  in  modulu.  through  th.  He'el.  temperature  1. 
only  through  th.  change  m  thermal  expan.ion  parallel  to  the  c  axle. 

For  a  temperature  change  from  70°  X.  to  60°  X.  thi.  change  amount,  to 
about  three  parte  In  104. 

The  attenuation  peak  for  th.  longitudinal  wave,  occurcd  at  67.35*  X. 
recall  fr.qu.ncie.  meuaurCd.  The  maximum  value  ob.erved  wa,  over  2.6  db 
crn  .  Although  the  p.ak  1,  approximately  of  the  earn,  magnitude  a.  that 
obaerved  for  HnO  and  CoO.  no  large  accompanying  change  in  modulu.  i.  ob_ 
..nred.  (The  modulu.  change,  obaerved  in  HnO  and  CoO  at  lower  fr.qu.ncle. 
vcr.  approximately  fifty  parent.)  Ho  them*  hyetere.l.  wa.  evident  in 
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the  longitudinal  wave  experiments  although  an  apparent  small  thermal 
hysteresis  for  shear  wavea  ia  onown  in  Fig.  8.  In  thlo  figure  the  open 
circle  points  show  the  attenuation  of  shear  waves  while  cooling  and  the 
dotted  center  points  are  for  warming.  Theoe  points  are  close  enough 
together  to  be  within  the  absolute  experimental  error. 

As  shown  in  Fig.  6,  the  effect  of  an  external  magnetic  field  is  to 
slightly  diminish  the  attenuation  in  the  vicinity  of  the  maximum,,  but  not 
to  affect  the  magnitude  or  position  of  the  maximum.  In  view  of  the  large 
internal  field  in  MnF2  it  is  probable  that  any  change  in  peak  height  or 
position  will  become  observable  only  with  the  application  of  much  larger 
fields  than  the  present  experiment  allows. 

For  shear  waves,  an  attenuation  peak  was  not  observed  near  the  Keel 
temperature.  The  only  effect  of  an  external  magnetic  field  was  to  change 
the  general  attenuation  level  with  field  orientation.  Fig.  6  shows  that 
with  the  field  parallel  to  the  epin  all  crane  nt  direction  (c  axle)  the 
attenuation  wan  slightly  Increased. 

The  transition  in  HnF-j  at  ~67°  K.  In  thought  to  be17  an  order  die- 
order  phase  change  between  the  two  orientations  of  spins.  A  thermodynamic 
treatment  of  second  order  phase  changes  predicts  that  the  thermal  expan¬ 
sion  coefficient,  specific  neat  and  isothermal  compressibility  of  an  iso¬ 
tropic  solid  should  all  become  large  at  the  transition  temperature.  From 
the  measurement*  taken  hero  it  ia  apparent  that  any  large  changes  in  the 
compressibility  must  come  about  through  changes  in  elastic  constants  other 
than  those  measured.  Experiments  to  determine  this  effect,  principally 
through  changee  in  will  be  continued. 
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APPENDIX  I 
CALCULATION 

Velocity  (based  on  fllCj)  direction  of  propagation) 

(a)  Velocity  of  longitudinally  polarized  waves,  JlIO)  polarization. 
V 


*  2d 
t 

V  -  2  x  1,386  cm 
4.20  microsec 


d  is  thickness  of  sample,  1,386  cm 
t  is  total  transit  time,  4.2  microsec 

1  6.60  x  10^  cm  eec"^- 


(b)  Velocity  of  shear  waves  polarized  parallel  to  c  axis  foOll 

polarization  L 

d  remains  1.386  cm 
t  measured  as  9.45  microsec 

V  -  2  X  I.3B6  cm  -  2.94  x  105  cm  soc"^ 

9.45  microsec 

(c)  Velocity  of  shear  wares  polarized  perpendicular  to  c  axis. 

lllOJ  polarization 

d  remains  1.386  cm 
t  measured  aB  17.10  microsec 

V  *  2  x  1.386  era  ■  1.62  x  10**  cm  sec”^ 

17.10  microsec 


2.  Attenuation 


The  elope  of  tho  calibrated  exponential  curre  wae  in  eec*1.  For 

attenuation  in  db  co_1  tho  following  calculation  wae  employed: 

(In  eee~l)  x  8.636 
(in  co  eoo-1  J 


( 


Attenuation  (in  db  cm  )  •  Slope  of  e  curve 


Wav.  Telocity 

3.  Elaetio  Conatant.,  uncorrectod  for  thoneal  expanelon  (  £uo] 
direction  uf  propagation ),(-  3.891  gm  cm~^ 

(a)  [110]  polarisation 

&U  *  4® 12  *  c66  *  CVS  *  3.891  gm  ciT3  x  (6.60  x  105  cm  eoc"1)2 
•  3-6.95  x  10^~  dyne  co"2 
“  ‘  •  28 
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(b)  [OOl]  polarisation 


Cu  ■  C.V  *  3*891  pa  cm x  (2.94  x  10^  cx  aoc"*)2 


-  3.363  x  1011  dyne  cm*2 
(c)  [no]  polarisation 

i(cn  -  c^)  -  e  v2  -  3.691  go  cm"3  x  (1.62  x  10*  cm  boo”1)2 
“  1.021  x  10^  dyno  cm"2 


4.  Correction  Tor  thermal  expansion  at  70°  X. 


ho'hn  *  AL 

»  exja.  AL  -  0.3  X  10*  X  I__ 
Lyg  ■  ^73  (1  *  e,  ) 


AL  •  -1B.6  X  nr*  X 

Lyo  ■  I*,,  (1  *  *  > 


*«*»  *  ^  V  *  ^273  *  1*273  C1  *  £-  )2  (1  ’  e'  ) 


e  m  •  h  -  _ m  _ 

voIto  ^73  d  ♦  <  5*  (1  ♦  1;" 


V  (velocltj-)  ■  -  L  (l-e.  ) 

T?  273  T 

(Ct2)70  '  H  X  (1  ♦  C  )2  L, 

V273(1  *  e>  ^  U  *  £,  )  T*  273 


"  CeA>73*_I- 


-  <€V  )2?3  (1  -  Cx  ) 

*  (g  VZ)273  (1  -  18.6  x  10*) 


^72)70  -  (Cva)273  (0.9981) 


Thi»  correction  iu  .pplied  to  computations  in  pert  3  of  thle 


appandix  to  provide  date  for  Table  1. 


